ABSTRACT POGO-DB (http://pogo.ece.drexel.edu/) provides an easy platform for comparative microbial genomics. POGO-DB allows users to compare genomes using pre-computed metrics that were derived from extensive computationally intensive BLAST comparisons of >2000 microbes. These metrics include (i) average protein sequence identity across all orthologs shared by two genomes, (ii) genomic fluidity (a measure of gene content dissimilarity), (iii) number of 'orthologs' shared between two genomes, (iv) pairwise identity of the 16S ribosomal RNA genes and (v) pairwise identity of an additional 73 marker genes present in >90% prokaryotes. Users can visualize these metrics against each other in a 2D plot for exploratory analysis of genome similarity and of how different aspects of genome similarity relate to each other. The results of these comparisons are fully downloadable. In addition, users can download raw BLAST results for all or user-selected comparisons. Therefore, we provide users with full flexibility to carry out their own downstream analyses, by creating easy access to data that would normally require heavy computational resources to generate. POGO-DB should prove highly useful for researchers interested in comparative microbiology and benefit the microbiome/metagenomic communities by providing the information needed to select suitable phylogenetic marker genes within particular lineages.
INTRODUCTION
The ever-increasing number of available fully sequenced microbial genomes opens up new avenues of research into microbial evolution. Yet these new opportunities also come with new challenges. Analyses and comparison of whole-genome sequences most often require the performance of whole-genome comparisons using tools such as BLAST (1) (2) (3) (4) . The computational cost of such comparisons increases as a function of the number of genomes that need to be compared. For example, if one is interested in studying the Escherichia/Shigella lineage that is currently represented by 54 fully sequenced genomes in the National Center for Biotechnology Information (NCBI) wholegenome database (as of July 2012), one would have to conduct 1431 two-way whole-genome BLAST comparisons, which would take several hundred CPU-hours. With >2000 genomes currently available, the all-againstall BLAST comparisons become extremely resourceconsuming (>150 000 CPU-hours using the advanced digital resources and services provided by XSEDE). Here, we provide a resource that compiles pre-computed BLAST comparisons of all protein-coding genes against all protein-coding genes for pairs of genomes. The resource allows the user to compare genomes using a set of different metrics (that we calculated based on these BLAST comparisons), including overall protein sequence identity, genome fluidity (a measure of dissimilarity in gene content) and number of shared orthologs. The resource also allows for the download of raw BLAST results, saving users the need to re-perform these comparisons using their own resources. Users can select any group or groups of genomes they want to compare and conduct both inter-group and intra-group comparisons. POGO should therefore prove useful for anyone interested in comparing microbial genomes and/or studying genome evolution.
In addition to its general usefulness for comparative biology of microbes, the POGO database has also been designed with a special application in mind, namely, the identification of phylogenetic marker genes for specific lineages that may be of interest in various metagenomic studies. Metagenomic approaches allow for the characterization of whole communities of microbes within natural and host environments. A key aim of metagenomic studies is to infer the phylogenetic composition of a considered microbial community (5) . Often in metagenomic studies, a phylogenetic marker gene is amplified, sequenced and used to infer phylogeny. The by far most commonly used marker gene is the 16S ribosomal RNA (rRNA) gene (6) (7) (8) (9) . Sequencing of the nearly 1600-bp 16S rRNA gene can produce a community census with less sequencing than whole-genome sequencing of million-bp genomes (or it can allow deeper sequencing for the same cost). This makes 16S rRNA amplicon sequencing attractive for the purpose of characterizing the population of a metagenome. The 16S rRNA gene has proven to be particularly useful in inferring phylogenetic composition because it is universally present across microbes, contains both universally conserved and variable regions and is thought not to undergo much horizontal gene transfer (10) . Owing to its great usefulness, comprehensive databases cataloging 16S rRNA sequences across the prokaryotic spectrum have been built (11) (12) (13) ). Yet, use of the 16S rRNA gene carries certain limitations. Importantly, the 16S RNA gene is known to be a poor marker for the inference of phylogeny within closely related lineages (14, 15) . Thus, if one wishes to conduct a higher resolution phylogenetic analysis of their community, 16S rRNA may not be the best marker to use.
Several recent studies have started looking into using markers other than the 16S rRNA gene to infer phylogeny within metagenomes, such as rpoB, amoA, pmoA, nirS, nirK, nosZ and pufM (16) (17) (18) . Housekeeping genes have been suggested to be useful for discriminating lineages, as they are a major component of the core genes for a lineage (19) and are thought to have less environmental pressure than other genes (20) . Wu et al. identified 31 housekeeping genes from 100 genomes to be used to reconstruct phylogeny (21) , which has also been used to speed up the taxonomic classification (22) . POGO-DB allows users to easily examine the relative evolutionary rates of the different markers and to investigate how well the percentage identities of different markers correlate to overall amino acid identities across the genomes of interest (which should provide the most reliable estimates of phylogenetic relatedness). These data should be useful for choosing marker genes for metagenomic studies.
GENOME SIMILARITY METRICS PROVIDED BY POGO-DB
POGO-DB comprises four types of metrics useful for the study of different aspects of genome similarity: (i) the average amino acid identity of all orthologous proteins within a pair of genomes (AAI) (23) . Pairs of genomes that are more closely related are expected to have higher AAI than more distantly related genome pairs. AAI combines information across all shared proteins within a pair of genomes and is therefore expected to provide much more reliable estimation of the degree of genetic relatedness between a pair of genomes, compared with estimates gathered using degree of similarity for a single locus of a small number of loci; (ii) genomic fluidity, a measure of gene content dissimilarity that estimates the proportion of genes unique to each of the two genomes considered, of the total number of genes contained within these two genomes (24) ; (iii) the 'number of orthologs' as defined by two criteria (see later); and (iv) percentage identities of 74 potential marker genes that we found to be present in at least 90% of prokaryotes (including the 16S rRNA gene).
The acquisition of POGO data is illustrated in Figure 1 . We downloaded all complete prokaryote genomes available from NCBI (as of July 2012) and extracted their 16S rRNA genes. The 16S rRNA genes were aligned using the Needleman-Wunsch algorithm (25) . For each pair of genomes whose 16S rRNA gene identity was >80%, we conducted a genome-wide two-way BLAST (26) of all protein sequences against all protein sequences [GenBank (27) annotated CDS were used]. The resulting reciprocal best hits were aligned using the SmithWaterman algorithm (28) to determine their levels of sequence identity more accurately.
When estimating the average protein identity across orthologs, we wanted to be strict in defining orthologs, so as not to use false ortholog pairs that could skew our results. Therefore, to qualify as an orthologous pair, we required that the reciprocal best hits align across at least 70% of the shorter sequence, with at least 30% amino acid identity [as in (23)]. The average AAI of a genome pair was then calculated as the average amino acid identity across all identified ortholog pairs.
To compute genomic fluidity (a measure of gene content dissimilarity), we wanted to be more conservative with regard to inferring gene absence. Therefore, we used a less strict threshold for inferring whether a gene from one genome was present in the other. To say that a gene from one genome was present in the other, the BLAST best hit would have to align across at least 50% of the shorter sequence with at least 10% amino acid identity. Genomic fluidity is then computed as:
, where U1 and U2 are the number of genes unique to each of the two genomes, and M1 and M2 are the total number of genes contained in each of the two genomes [as in (24)]. POGO-DB provides the number of orthologs identified for each genome pair using both the more and less strict thresholds (alignment across at least 70% of sequence with at least 30% identity, versus alignment across at least 50% of sequence with at least 10% identity). For the computation of both the average AAI and genomic fluidity, a pair of genomes should have at least 200 orthologs to be included.
POGO-DB also provides the pairwise percentage identity calculated for 74 marker genes (including the 16S rRNA gene). These marker genes are targeted because they are universal among genomes in the COG database (29), and we later identified them as being conserved in at least 90% of prokaryotes. The 16S rRNA genes in each genome were directly extracted from the GenBank annotation. Because annotations are not always consistent and gene names can vary across genomes, the sequences of the other marker genes were acquired by BLAST-ing a set of reference marker genes (annotated in genome Escherichia coli K12 W3110 [uid161931]) against each genome. For each marker gene (including the 16S rRNA gene), NeedlemanWunsch alignment is applied to acquire the percentage identity between each pair of genomes. Here, the percentage identities were calculated at the DNA rather than the protein level (to be consistent with the 16S rRNA comparisons). Figure 2 shows the layout of POGO database. POGO allows users to assign any combination of genomes, species and genera into two groups. While the search of genome names is limited to NCBI taxonomy, the combination of genomes into either group is not. As an example, users can combine Escherichia and Shigella genomes as one group and compare them against Salmonella. By default, each genome of group A will be compared with each genome of group B. However, an option is provided for users to also compare genomes within each group. Once the query is submitted, a table will be provided to show the genomic and marker gene identity metrics for all pairwise comparisons. Moreover, a 2D graph will be provided that allows users to view the relationship between any two metrics. Both the result table and the graph can be downloaded for users to conduct downstream analysis. Comparisons between all pairs of genomes are pre-conducted and available on our Web site.
LAYOUT AND USE OF POGO-DB
By providing the comparison between and within userdefined genome groups, the POGO database can help answer various evolutionary biology questions. Figure 3 shows an example of POGO being used to compare genomes within the genus Streptococcus. The number of orthologs decreases as the average AAI decreases. Such comparison may be useful in studies of core versus pan genomes. Meanwhile similar analysis between different microbial genera may be helpful in studies of genome reduction, stability of gene content across lineages, etc.
AVERAGE RANKING OF MARKER GENES
As mentioned earlier, different marker genes may provide the best phylogenetic distinction within different lineages, and several recent studies have started looking into using markers other than the 16S rRNA gene for phylogenetic inference. Markers that are more slowly evolving (e.g. 16S rRNA) may be better for inferring more distantly related phylogenies. At the same time, faster evolving markers may provide better distinction when closely related microbes are considered. POGO allows users to compare different marker genes with regard to how fast they evolve within a group of interest. To this end, POGO can be used to rank markers according to how fast they evolve within a group of genomes (provided that the selected genomes contain all marker genes). Additionally, POGO provides the average ranking of each marker gene across all pairs of genomes queried by user (Figure 2 ). The average ranking reflects how fast-evolving a marker is compared with all other markers within a selected set of genomes. Markers that are ranked higher are faster evolving than those ranked lower.
One example of using the average ranking table is shown in Figure 4 , which was generated from genome comparisons within the genus Bacillus. The gene coaE is the highest ranked (least conserved) among all marker genes, whereas the 16S rRNA is the lowest ranked gene (most conserved). For genomes with an average AAI >75%, we see that the 16S rRNA gene identity correlates poorly to the average AAI, whereas the coaE gene correlates well to the average AAI. We also generated three unweighted pair group method with arithmetic mean Example of a result graph of pairwise genome comparisons within the genus Streptococcus. POGO can be used to visualize that Streptococcus may best be separated into two groups where genomes that have >85% average AAI share >1400 orthologs in general, whereas genomes that have <85% average AAI share <1400 orthologs in general.
(UPGMA) phylogenetic trees of Bacillus using data of AAI, percentage identity of 16S rRNA and percentage identity of coaE (Supplementary Figures S1-S3 ). We found that the tree generated using coaE much better resembles the AAI tree, compared with the tree generated by 16S rRNA gene [split distance computed using the phylogenetic tree comparison software TOPD/FMTS (30) is 0.340 and 0.638, respectively]. Therefore, coaE may be a better marker than the 16S rRNA for highly similar Bacillus genomes. Such information should be of great use to scientists embarking on metagenomic studies in which they are particularly interested in discriminating between members of closely related lineages and/or inferring a finer-grained phylogeny than allowed by analyses of the 16S rRNA gene.
DATABASE IMPLEMENTATION

Overall structure
The POGO Web site was written using PHP, JavaScript and HTML5. The use of these platforms allows for an interactive user experience with dynamic graphs, tables and charts. When the user queries our database, the Apache web stack communicates with our MySQL database to efficiently search for the requested genomic comparisons.
Query/home page
The home page allows users to select genomes and add them to either the group A or group B. Users can search for genomes to study using genus, species and strain names. It should be noted that all names are consistent with the NCBI taxonomy nomenclature; for entries not assigned a species or genus name in the NCBI taxonomy, we classified them into the category of 'Unidentified'. For example, genome Clostridium_difficile_630_uid57679 can be found under tag 'Unidentified (genus)' À> '[Clostridium] difficile (species)'. However, a user can add any genome or genomes to group A or group B for both inter-and intra-group comparison, regardless of taxonomy boundaries. This benefits the users in scenarios in which the NCBI taxonomic classification does not serve their needs. For example, strains of Shigella are known to be, for all intents and purposes, members of the E. coli species (31) , and users may want to group such strains together.
Once users place genomes into groups, they can choose whether to compare all genomes in group A with all those in group B (default), and can also choose to carry out comparisons of all genomes within A against each other, and/or of all organisms within B against each other. Users can do all three of these at once, in which case the results will be color-coded according to whether a certain dot on Figure 4 . Using POGO-DB to correlate the percentage identity of marker genes to AAI. In this example, we used POGO-DB to correlate the percentage identities of both coaE and 16S rRNA with AAI for all Bacillus pairwise comparisons in which AAI was >75%. For these comparisons, the percentage identity of 16S rRNA is poorly correlated to the average AAI (Spearman correlation rho = 0.61, P ( 0.001). In contrast, the percentage identity of the coaE gene, which is the fastest evolving marker gene within Bacillus according to POGO's average ranking feature, correlates much better with the average AAI (Spearman correlation rho = 0.94, P ( 0.001).
the graph represents and A to A, A to B or B to B comparison. Users can also choose the option to rank marker genes. If users are interested in comparing two groups, they need to place genomes into both group A and group B, but if they just wish to perform intra-group comparisons, they can place genomes in only one of the two groups.
Results page
When users submit their query, our Web site gathers the requested comparisons and returns them in a result scatter plot, and also provides a table containing the same data. If the users selected to see the average marker ranking, it shows a table of the rankings below the result chart. On this page, users can select different metrics to display on the graph axis, download the graph and zoom on the graph to get a closer view. The user can also hover over points and see more detailed information about each.
In the Results page, users can easily copy the result chart or the average ranking chart to clipboard, download a comma-separated value file containing the metrics from the charts or download the scatter plot. The users can also select a subset or all of the comparisons they have conducted and download the corresponding raw BLAST files in a tar archive.
Download page
On the download page, users can download all the comparison data and BLAST files that POGO contains. These include the 16S rRNA pairwise identity for all genomes, the genome and marker gene identities for all pairs of genomes we analyzed, figures pre-drawn containing all pairwise comparisons, output files of all whole-genome BLAST comparisons we performed and the NCBI taxonomy annotation applied on POGO.
API access
A key feature of POGO is the ability for users to directly query our database. Using our API, we provide users with a way to access data more efficiently. We recognize that users may have different needs than what our Web site provides, so providing a different way to access the information is important. We created this API because users may want to feed the data through a pipeline, download large sets of data or manipulate them in other ways. A user accesses the API's URL with certain parameters and is returned a JavaScript Object Notation (JSON) or comma-separated value file. This also allows users to perform more complex queries than what our Web site interface allows. For example, users can gather all genome pairs where the 16S rRNA gene identity is >99% and the valS gene identity is <20% at the same time, or comparisons containing the genus Bacillus, where the number of orthologs is >800. More information about how to use the API can be found on our site (http:// pogo.ece.drexel.edu/api_doc.php).
Database updates
We plan to update POGO-DB on a yearly basis, incorporating newly sequenced genomes as computational feasibility permits.
Database limitations
It should be noted that there are some limitations to the database. Although such limitations should be considered, they are minor in respect to the power of the database. As mentioned in the previous paragraph, some taxonomic selections must be made under the 'Unidentified' category, as we rely on NCBI taxonomy and some taxa still remain un-annotated or in-transition for the genus and species levels. Second, pairwise BLAST comparisons were only conducted for genomes that had at least 80% maximum (the highest value was taken if more than one 16S rRNA was available) 16S rRNA identity. The user may note that if not all combinations of pairwise genomes are available in the result table, it is due to the fact that the genomes are so distant that their best matching 16S rRNA genes are <80% identical. Finally, it is important to note that we relied on NCBI gene calling in all our analyses. Therefore, our estimates of gene fluidity and number of orthologs are reliant on these annotations.
DISCUSSION AND PERSPECTIVES
POGO allows users to not only compare genomes and marker genes but to also visualize and summarize this information in a graphical easy-to-use interface while also making the vast information downloadable for flexible analysis. Information provided by POGO-DB, with a few simple mouse clicks can help researchers navigate the ill-defined world of taxonomy and allow users to interactively explore microbial evolution. For example, if a user is interested in understanding whether intra-lineage variation is higher in lineage A compared with lineage B, it would take only minutes to find out using POGO-DB. It would also take only minutes to understand how different aspects of similarity (e.g. sequence similarity versus gene content similarity) relate to each other within a lineage or lineages of interest.
In addition, POGO-DB allows users to easily find marker genes that, within their lineages of interest, best correlate with overall average AAI. Overall, AAI should be the best sequence-based metric of phylogenetic relatedness, as it encompasses information in a genome-wide manner from a large number of genes, rather than rely on only a single or few loci. However, it is impossible to obtain data of AAI from metagenomic studies where only small fragments of DNA from each bacterium can be sequenced. By allowing users to find the markers that best correlate with overall AAI, we allow them to identify the marker that best predicts phylogenetic relatedness within lineages of interest. Users can also use POGO-DB data to construct phylogenetic trees based on pairwise similarity of different markers and compare them with trees built based on AAI. This should allow users to select the markers that best reconstruct the phylogeny of the lineage in which they are interested. Therefore, POGO-DB provides users with the needed data to select the best markers to use in their metagenomic studies. Finally, POGO-DB allows users to easily rank marker genes within a lineage or lineages to ascertain which markers are evolving faster and which are slower within those lineages. Markers that are more slowly evolving (e.g. the 16S rRNA) may be better for inferring more distantly related phylogenies. After all, variation within such slowly evolving markers is less likely to be saturated. At the same time, faster evolving markers may provide better distinction when closely related microbes are considered.
As an example, we have used data of marker ranking from POGO-DB to show that within Bacillus the 16S rRNA gene is the slowest evolving marker, whereas the coaE gene is the fastest. In Figure 4 , we present data from POGO-DB showing that the percentage identity of the coaE gene correlates much better with AAI than the percentage identity of the 16S rRNA gene. We also generated three phylogenetic trees of Bacillus and found that the coaE tree resembles the AAI tree much better than the 16S rRNA tree (Supplementary Figures S1-S3 ). Therefore, we can conclude, based solely on data that are easily accessible on POGO-DB, that coaE infers the phylogeny of the Bacillus lineage much more accurately than 16S rRNA. This exemplifies how useful POGO-DB can be for selecting marker genes for specific lineages of interest.
The ability to choose appropriate lineage-specific marker genes will have a wide impact on fields of microbial source tracking (32, 33) , investigating molecular mechanisms and its impact on microbial evolution (34) and accurate phylogenetic reconstruction of the microbial diversity in ecosystems (35) .
In conclusion, POGO-DB provides users an easy manner in which to compare several aspects of genome relatedness, and to identify marker genes that best recapitulate genome relatedness. In addition, we provide users with raw BLAST results that took great computational resources to generate. This will allow users full flexibility to conduct any downstream analyses they conceive. POGO-DB will therefore be of great use to anyone interested in studying prokaryote genome evolution, and/or in choosing the best phylogenetic marker genes for their metagenomic studies.
AVAILABILITY
The web interface is available at http://pogo.ece.drexel. edu. The data (in JSON format) can be queried with PHP via: http://pogo.ece.drexel.edu/query.php (see the API documentation for more information at http://pogo. ece.drexel.edu/api_doc.php). Raw data can be downloaded via http://pogo.ece.drexel.edu/downloads.php.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
